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The extensibility of these strips was measured using the tension balance method of Harris et al. (British Heart Journal, 1965, 27, 651-659) . The vessels were then bisected, and half of each strip was submitted for structural analysis using morphometric methods on paraffin sections stained to show the collagen, elastin, and muscle content. The other halves of the formalin-fixed vessel strips were examined chemically to determine their collagen content by estimation of the total hydroxyproline content. The thickness of the vessel media was measured microscopically on all of the sections examined.
Quantitative measurements were made on 42 arteries and 37 veins. Contrary to expectation, there was a steady fall in medial collagen content with increasing age in arteries and veins. The decrease in collagen content was similar in the morphometric and chemical studies and was statistically significant. The thickness of the vessel media did not change significantly with age.
The pulmonary artery and vein strips were less extensible in the older age groups, the main change occurring in the elastic phase of the vascular stress/strain curves. It is suggested that changes in the elastic tissue at a molecular and lamellar level are responsible for the increasing stiffness of pulmonary vessels rather than changes in the medial collagen content.
Clinical, physiological, and pathological studies of the pulmonary vascular tree have concentrated almost exclusively on the arterial side of the circulation. These studies have shown that adaptive changes occurring over a wide range of pulmonary arterial pressures maintain the normal pulsatile flow in the lung capillaries even in the presence of severe pulmonary arterial hypertension (Lee and Du Bois, 1955; Bosman et al., 1964; Karatzas and Lee, 1970 ). This appears to depend on a reciprocal relationship between the resistance and compliance of the pulmonary arterial system that supplies the lung capillary bed. Thus, when pulmonary arterial resistance is increased, either physiologically or pathologically, there is an accompanying reduction in pulmonary arterial compliance so that the pulsatile inflow characteristics to the capillaries remain virtually unchanged (Reuben et al., 1970; 1971;  Reuben, 1971) .
The way in which the pulmonary venous system may act to protect lung capillary outflow from pressure events taking place in the left atrium is much less clear; for although the pulmonary veins possess no valves the profile of lung capillary blood flow is normally unaffected by left atrial pressure events (Gillespie et al., 1967; Karatzas and Lee, 1970) . This implies that some part of the venous system can damp out retrograde pressure pulsations originating in the left atrium. This further implies that the pulmonary veins could be highly compliant.
Measurements of flow and pulse pressure patterns are relatively easy during cardiac catheterisation in man or experimental animals but a study of the static mechanical properties of the vessel wall requires necropsy material. Caro and Saffman (1965) have reported studies on the mechanical properties of the pulmonary arteries and veins in rabbits, as have Wolinsky and Glagov (1962) on the rabbit aorta. We can find no such studies of human pulmonary veins, although Harris, Heath, and Apostolopoulos (1965) have compared the extensibility of circumferential strips of human pulmonary artery and aorta obtained at necropsy. They showed that the compliance of human pulmonary arteries decreases with increasing age, that is, they become more resistant to stretching forces. They ascribed this change to an increase in the medial collagen content of the vessels. These investigations suggest that in animals and man the high tensile strength of collagen in the vessel wall is responsible for resisting excessive dilatation of the vessels at physiological internal pressures and above. The elastic laminae appear to function at lower internal pressures and act by distributing the pressure load evenly throughout the thickness and circumference of the wall.
We have now extended the observations of Harris and his colleagues (1965) to include mechanical, histological, and chemical studies of human pulmonary veins as well as arteries. We wished to test the compliance of pulmonary veins because of their likely importance in isolating pulmonary capillary blood flow from left atrial pressure events. We also studied the effect of age in an attempt to test the general hypothesis that an increasing medial collagen content was responsible for the increasing vessel wall stiffness with age.
Material and methods
Samples of pulmonary vessel wall were obtained at necropsy from the main pulmonary artery branches before the lobar divisions and from the pulmonary veins at the lung hilum, parenchyma, pericardial membranes, and loose areolar tissue being removed by gentle dissection. Any cases with a clinical history or post-mortem evidence of significant chronic cardiorespiratory disease (including mitral valve disease, congenital heart disease, chronic bronchitis and emphysema, recurrent pulmonary emboli, cardiomyopathy, or systemic hypertension) were excluded. The vessels were opened longitudinally, and circumferential strips, 2-5 Xl 0 cm, were cut from the wall with a special guillotine. The vessel strips were then weighed and placed in Krebs-Ringer solution until used for compliance measurements (usually within three to four hours of removal). These measurements, which are reported separately (Banks et al., 1977) , were made using a tension balance method identical with that used by Harris et al. (1965) . After compliance testing, the tissue samples, together with any unused vessel wall from the same site, were fixed in 10% neutral formol saline and stored in a cool, dark place until required.
HISTOLOGY
The strips of vessel wall were bisected longitudinally and one half was processed by standard histological methods and embedded in paraffin wax. In addition, the material from a few cases which had not been used in the tension balance experiments was embedded for comparison. Sec Table 2 , and treated thereafter as a single representative sample of that group. The formalin fixed tissue was washed well and then dialysed against distilled water for a minimum of three days to remove traces of free formaldehyde. The samples were then freeze-dried and stored under vacuum with a silica gel desiccant until examined. The total hydroxyproline (OH-Pro) content in each batch was measured by the method of Bergman and Loxley (1970) using duplicate tests whenever possible. These figures were converted to total collagen by the appropriate factor and expressed as percentage collagen relative to the freeze-dried weight of the tissue samples.
Results
The full data and interpretation of the stressstrain measurements of vascular extensibility under load are reported elsewhere (Banks et al., 1977) ) and pulmonary veins (------) from data of Banks et al. (1977 Changes in the elastic and muscle proportions were less marked but there was an inverse relationship between the two at all ages, and clear differences existed between arteries and veins. There was a tendency for the elastic content to fall with age in the arteries (Table 1) , as noted by Harris et al. (1965) , and also an increase in muscle content in the older age groups, but no such tendency was seen in the veins.
The results of measuring the thickness of the vessel media are shown in Fig. 3 70 um, and, although the regression line showed a slight upward slope, there was no significant change with age (P>0-10 for both arteries and veins). The full wall thickness (about 200 ,um) was much greater. This is because the elastic laminae gradually became further apart with increasing age. Collagen formed the greater part of the outer adventitial layer, which however was quite distinct from the media proper. Very few young arteries were examined and, as Fig. 3 shows, there was a very wide variation in thickness so that data from the first two decades have been excluded in calculating the regression line for arterial medial thickness and age. Even in the arteries the true media was very thin, averaging well under 500 ,Lm. From the third to the ninth decades there was an apparent tendency to an increase in medial thickness but this was not statistically significant.
CHEMICAL ESTIMATIONS
These results are shown in Table 2 and plotted against age in Fig. 4 were most obvious in the elastic laminae. In the youngest patient (Fig. 5 ) the arterial elastin had lost the transitional type of configuration (that is, resembling the aortic media in appearance), and at 7 years of age it had parallel, nearly straight lamellae. There was relatively little collagen and a fairly high muscle content with an almost nonexistent intimal layer. With increasing age (Fig. 6) , the elastic laminae showed a greater variation in thickness, and their arrangement became wavy and further apart. In the older age groups (Fig. 7) , the intima became thickened and consisted of scanty fine collagen fibrils and even fewer elastic fibres in a loose mucopolysaccharide matrix.
In keeping with their lack of change in thickness and minor variation in muscle/elastin ratios, the veins showed no obvious variation with age, although this could be detected by quantitative analysis. In a few sections, bundles of striated cardiac type muscle fibres were present in the residual adventitial layer of the veins, possibly representing the so-called 'sphincters' described by Nathan and Elaikim (1966) . It has been suggested that alteration in the properties of elastic tissue with increasing age is due to calcium deposition on the fibres (Lansing, 1959 55 mmHg). In this patient the pulmonary artery had an essentially normal composition (C 12,1 %, E 4741%, M 407%) with a normal adult elastic pattern. The vein, however, was considerably thickened (media 130 ,u) with an increased smooth muscle content (56 7%), a low elastin (15-2%), and an average collagen content (28,1%).
Discussion
The structure and elastic properties of human pulmonary arteries and veins are strikingly different and reflect differences in the functions of these vessels rather than just their mean intravascular pressures. The pulmonary artery is required to show a limited degree of distensibility to accommodate a bolus of blood from the right ventricle in systole and subsequently to add further impetus to onward flow from the elastic recoil of its wall. inextensible collagen fibres prevents wasteful overdistension. The fine structure of pulmonary arteries shows a similar pattern to that of systemic elastic arteries (Pease and Paule, 1960) , the main differences being quantitative only. Electron microscopy confirms the continuity between the elastic laminae and smooth muscle cells, the latter forming diagonal bridges between the laminae. Both are enclosed in a common basement membrane and may be expected to act in unison as one part of a two-phase system. The collagen fibres forming the other part of the system are quite separate and have no physical union with the other components. This two-phase structural arrangement is usually quoted as the explanation for the shape of the arterial compliance curve (Fig. 1) . The steeply rising part of the curve corresponds to the physiological pressure range while the flatter part represents intravascular pressures well over the normal upper limit. In contrast, the large pulmonary veins are part of a low pressure system which fills to a circular cross section profile in atrial systole but which collapses during rapid atrial filling (Bertram et al., 1977) . They show relatively large volume changes within the physiological pressure range but, as shown in Fig. 1 , are virtually non-distensible structures at higher pressures. The veins effectively act as a venous reservoir and by rapid filling in atrial systole largely absorb the retrograde atrial pressure wave. Although smooth muscle forms a major component of the vein wall structure there is no positive evidence that it plays an active part in aiding atrial filling in health. Similarly, the scanty cardiac muscle fibres in the adventitia, thought to represent a cardiac sphincter by Nathan and Elaikim (1966) , are highly unlikely on morphological grounds to contribute much to atrial filling or prevention of reflux into the veins. It appears that the medial collagen content plus the adventitial coat are the main factors in preventing excessive venous dilatation. The adventitia may be making a larger contribution to the flatter venous compliance curves both in vitro and in vivo because of its relatively greater thickness on the veins compared with the medial thickness of veins or arteries.
Our experiments confirm those of Harris et al. (1965) , showing that the pulmonary arterial wall becomes stiffer with increasing age. There is also an increase in venous wall stiffness but to a much smaller degree. We have shown that this increase in stiffness is accompanied by a steady decrease in medial collagen content in arteries and veins on quantitative histological and biochemical grounds. This is in direct contrast to the non-quantitative morphological observations of Heath et al. (1959) , who reported an increase in the collagen content of the pulmonary trunk with increasing age. Chemical analysis by Farrar, Blomfield, and Reye (1965) showed an increase in collagen in the main pulmonary artery but a decrease in its main branches of a similar order to our results. In parallel with the relatively minor functional changes, we found that the pulmonary veins showed little morphological change with age alone. A decrease in their collagen content was evident only on morphometry and chemical analysis.
Measurements Collagen is relatively resistant to post-mortem autolysis and should not be greatly affected by the variable death-to-necropsy interval in these cases. Current theories of the chemical nature of formalin fixation (Baker, 1960) would predict no reaction with hydroxyprolyl residues which do not have side chain amino groups available for reaction with the aldehyde. It was these considerations which prompted us to try chemical measurement of pulmonary vessel collagen using formalin-fixed specimens as a control for the unexpected findings on quantitative histology. A similar approach was successfully employed by Montfort and Perez-Tamayo (1962) Fig. 1 but we feel that it is unlikely to be solely responsible since the stress at which these changes become noticeable is well below the theoretical breaking point of collagen fibres. It is more likely that analogous intermolecular reactions, which are known to occur in elastin, restrict its ability to deform under small loads. If, as Roach and Burton (1957) suggested, the first rapid extension phase of the stress/strain curve mainly represents stretching of the elastic tissue, consideration of Fig. 1 and the data of Harris et al. (1965) and Banks et al. (1977) shows that the main area of change with age is in the elastic phase of the curve. In this case, the reduction of wall compliance with age, coupled with a reducing medial collagen content, strongly suggests that it is the elastic component approaching its elastic limit at lower loads which produces the flatter curves in the older age groups. Although age-related changes at the molecular level may contribute to these mechanical alterations, it remains a possibility that the morphologically visible changes in the arrangement of these fibres at the lamellar level may be more relevant (Figs. 5-7) .
The reason for the decrease in collagen content of the pulmonary vessels and the way in which it occurs must remain speculative at this stage. Collagen is not inert and undergoes a slow but definite metabolic turnover. Most reports suggest that in non-diseased parenchymal organs there is a constant parenchyma: connective tissue ratio with age and an increase in total collagen in tissues such as skin and aorta. Again the mechanisms are not clear but depend partly on such factors as local blood flow and the effect of sex and growth hormones. The steady rate of decrease in histological collagen content seen in our vessels is similar to the decrease in bone mass with increasing age, though at a much slower rate. The almost identical rates of collagen decrease in arteries and veins suggests that this is a genuine reduction, which may be a physiological response to increased load-bearing by the stiffer elastic tissue present in the media of both arteries and veins with increasing age.
Post-mortem compliance tests take no account of the possible active part played by smooth muscle cells in maintaining wall tension or producing active changes. Autolysis leaves these cells as viscous fillers between the elastic laminae, making a small but not directly measurable contribution to the compliance results. There is clearly a need for experiments on viable vessel walls to take account of smooth muscle activity.
In conclusion, the decrease in pulmonary artery compliance which we found with increasing age in the absence of pulmonary arterial hypertension appears to be the result of structural changes in its medial elastic tissue. Similar changes occurred in the pulmonary veins and, in both, quantitative analysis showed a steady fall in the medial collagen content with increasing age. We suggest that increasing intermolecular linkage of elastin as well as collagen may be responsible for the mechanical changes taking place in the pulmonary vessels with age. We have also found that at no age do the pulmonary veins behave as compliant structures. We must therefore postulate that their protective role in isolating pulmonary capillaries from left atrial pressure changes depends on a capacitance effect due to their collapsible nature rather than distensibility. This suggestion has now been tested and is reported briefly elsewhere (Bertram et al., 1977) .
